Abstract-In this work, we investigate the interesting impact of mobility on the problem of efficient wireless power transfer in ad hoc networks. We consider a set of mobile agents (consuming energy to perform certain sensing and communication tasks), and a single static charger (with finite energy) which can recharge the agents when they get in its range. In particular, we focus on the problem of efficiently computing the appropriate range of the charger with the goal of prolonging the network lifetime. We first demonstrate (under the realistic assumption of fixed energy supplies) the limitations of any fixed charging range and, therefore, the need for (and power of) a dynamic selection of the charging range, by adapting to the behavior of the mobile agents which is revealed in an online manner. We investigate the complexity of optimizing the selection of such an adaptive charging range, by showing that two offline optimization problems (closely related to the online one) are NP-hard. To effectively address the involved performance trade-offs, we finally present a variety of adaptive heuristics, assuming different levels of agent information regarding their mobility and energy.
I. INTRODUCTION
Over the last decade, the continuously increasing development and excessive use of energy-hungry mobile devices (like smartphones and tablets) in ad hoc networks, has given rise to the problem of efficient power management under various objectives. A viable solution to this critical problem, that has been extensively studied in the recent literature due to its efficiency and wide applicability, is the Wireless Power Transfer (WPT) technology, which we can exploit to recharge the network devices.
In a rechargeable ad hoc network, there are two types of entities called chargers and agents. A charger is a special device with high energy supplies that acts as a transmitter, while an agent has significantly lower battery capacity and acts as a receiver. The charger is responsible for the energy management in the network, by transferring parts of its energy to the agents. On the contrary, the agents are the actual network devices that consume energy to perform communication and sensing tasks (like collecting and routing data); hence, they are in need of energy replenishment to sustain their normal operation.
There are generally many different assumptions regarding the charging process, whether there is a single or multiple chargers that are mobile or not, as well as the information that is available about the energy levels and the locations of the (possibly mobile) agents. For a survey on all these different settings, we refer the interested reader to the book [1] .
Our contribution. We consider ad hoc networks consisting of mobile agents and a single static charger with finite initial energy. As the agents' behavior is revealed in an online manner, our objective is to dynamically change the charger's transmission power over time to appropriately manage its energy and extend the network lifetime (defined as the period of time during which there is at least one agent with non-zero energy). To the best of our knowledge, this is the first paper that systematically studies this particular setting.
We showcase the need for adaptiveness by identifying worst-case scenarios where fixed value solutions perform poorly compared to adaptive ones. Then, we define two related offline optimization problems and prove their computational intractability. Finally, we design new adaptive algorithms and compare their performance with respect to various metrics using a non-trivial, highly heterogeneous simulation setup.
II. RELATED WORK
Dai et al. [2] studied the safe charging problem in networks consisting of static agents and multiple static chargers, where the goal is to maximize the charging utility, while ensuring that no point in the network area has electromagnetic radiation exceeding a threshold value. This paper is the most related one to ours in the sense that the transmission power of each charger is appropriately adjusted. However in [2] , due to the static nature of the network devices, the power of each charger is adjusted only once, at the beginning of the time horizon. In contrast, the power of the charger in our setting constantly changes over time, adaptively to the behavior of the mobile agents which is revealed in an online manner. Therefore, even though our setting and that of [2] are seemingly similar, they are fundamentally different and uncomparable to each other.
III. MODEL
There are n agents that move around in a rectangle bounded network area A, and a single static charger that is positioned at the center of A. We assume that there is a discrete time horizon T ∈ N ≥0 consisting of a number of distinct rounds each running for a constant period of time. For every agent i, we denote by p i (t) = (x i (t), y i (t)) ∈ A its position at the beginning of round t. The positions of the agents are updated as they move around in A. For the charger, we denote by R(t) ∈ [R min , R max ] its range during round t. R(t) is decided by the transmission power of the charger and defines a circle 121 of radius R(t) around the charger; let C R(t) ⊆ A denote this circle on the plane. All agents that pass through C R(t) during round t can get recharged (if they need to).
A. Mobility Model
Each agent i performs a random walk. At round t, starting from position p i (t) ∈ A, it chooses randomly a new direction θ i (t) ∈ [0, 2π) and a new velocity v i (t); the velocity may take values in three different intervals modeling three kinds of movement: slow, medium, and fast. The direction θ i (t) together with p i (t), define a line along which the agent travels with the chosen velocity v i (t) until it reaches its final position at the end of the round, the position p i (t + 1) ∈ A. Starting from t = 1 and the initial deployment in A, the above process is repeated for all rounds in T .
B. Energy Model
Let E i (t) be the energy of agent i at the beginning of round t. All agents have the same battery capacity B and are initially fully charged. During round t, each agent i consumes an amount of energy E c i (t) for communication purposes; E c i (t) is assumed to be a random variable following a Poisson distribution with expected value γ i . We remark that the agents are assumed to not consume any energy due to movement as the necessary energy can be supplied by different sources.
C. Charging Model
Let E charger (t) denote the energy that the charger has at the beginning of round t. Initially, the charger has some finite amount of energy C. If the charger has the appropriate amount of energy, then all agents that get in its range receive a positive amount of energy according to a simplified version of the wellknown Friis transmission equation. Of course, the energy of the charger is decreased accordingly.
IV. OUR CONTRIBUTION

A. Optimization Problems
We define two offline optimization problems to which we refer as MAXIMIZE THE NUMBER OF CHARGES (MNC) and MAXIMIZE NETWORK LIFETIME (MNL), respectively.
As input, we are given all information about the movement and energy consumption characteristics of the agents during a time horizon T . The charger has initial energy C and its range can be chosen from a set of k distinct values {R 1 , ..., R k } such that 0 ≤ R 1 < ... < R k . All non-fully charged agents that are in the specified charging range receive appropriate energy according to the adopted charging model. For any t ∈ [T ], the objective of MNC is to set the range R(t) of the charger in order to maximize the total number of recharged agents until the charger is left out of energy. The objective of MNL is to set the range R(t) in order to maximize the total rounds during which there exists at least one agent with non-zero (strictly positive) energy. We prove the computational intractability of MNC and MNL using reductions from KNAPSACK. 
B. Adaptive Algorithms
We now describe three adaptive algorithm that decide the charging range for every round, based on different criteria.
Least Distant Agent or Maximum Range (LdMax). The decision is based on a probability distribution defined over the maximum possible range and the distance between the charger and its closest agent (if this is a valid range value).
Maintain Working Agents (MWA). The decision is such that it guarantees a threshold percentage of working agents in the network (agents with positive energy during a round).
Maximize Charges over Energy Ratio (MCER).
The decision is based on the weighted ratio between the number of charges that can be performed and the energy that has to be given for these charges.
C. Experimental Evaluation
We experimentally compare our adaptive algorithms using the following setup: A is of size 25 × 25, n = 100, B = 1000, C = 10 5 , R min = 1, and R max = 5. The consumption of each agent i uses a γ i that is selected randomly according to a partition of the agents. The mobility behavior of the agents is defined by a probability distribution over scenarios of different levels of restrictions on the movements of the agents, which allows us to create a highly heterogeneous setting. See Fig. 1 . 
